Caustic treatment of zircon in the preparation of pure zirconium compounds by Spink, Donald R.
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1952
Caustic treatment of zircon in the preparation of
pure zirconium compounds
Donald R. Spink
Iowa State College
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Chemical Engineering Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Spink, Donald R., "Caustic treatment of zircon in the preparation of pure zirconium compounds" (1952). Retrospective Theses and
Dissertations. 15262.
https://lib.dr.iastate.edu/rtd/15262
NOTE TO USERS 
This reproduction is the best copy available. 
UMI 

UNCLASSiHED 
Title: Cauatic !fa»eatment of Zigeon in the Proparatlon 
of Zlyconl\aa Coapo\mds 
Author: Donald R. Spink 
(official certification of the classification shown is filed in the 
Ames Laboratory Document Library) 
W. E. Dreeszen 
Secretary to Declassification 
CoTDinlttee 
UNCLASSIFIED 
Signature was redacted for privacy.

CA^ISTXe TRIATMIHI? Of ZIRCON IN THB FRSPARATION 
OF mm ziRcoNiim coicpohnbs 
by 
Donald R, Spink 
A Dissertation Submitted to the 
Graduate faeulty in Partial Fulfillment of 
the He<|uireiienta for the l)egree of 
DOCTOR Of miimofm 
Major Subject f.-. gpgineering 
ApprovedI 
iMiriiiiiii iiTi«iiiiwiiiw|rtJiiiiHiiMi»i(iii|iiijin 
Head or mjor Depar(tj(Bent 
ir®a 
Iowa state College 
1952 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
UMI Number: DP13483 
INFORMATION TO USERS 
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion. 
UMI 
UMI Microform DP13483 
Copyright 2005 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
-Y'P245. ZS 
Sp4"Gc - 11 -
tmiM OF CONTEOTS 
Page 
BmmhMi 1 
INTKUI^mOH 3 
IiITSlATOBI swm^ 5 
MfMMiwm'iAh mm 15 
Haterials ....... 15 
Elreon or® 16 
Caustic so<3a 18 
Iqulpment ...... 19 
©©ccMwpositlon of the Zircon Ore 20 
Bet«rrolnation of yield ......... 22 
©©termination of optlwuro tewperature . . 24 
S)et@nalnatlon of the optimum caustic 
soda/sBlreon weight ratio 29 
fh@ effect of reaction time on yield , . 32 
fh® effect of a third component ..... 34 
Charge space requirements . 37 
Water I^eachlng of the Pecomposltlon product . 40 
Purification foy Crystallization 43 
Silicon Removal 51 
Preparation of pure Zirconium Compounds and 
Solutions . 53 
piiiOf fmm pRocsss ©e i^.opiiint 56 
Beconiposition of Zircon by Caustic Soda ... 56 
Washing and Brying of the Becoaposition 
product . . ............ 59 
Acidification and Crystallization ...... 6l 
Silicon Seraoval ............... 66 
COST mkmstB 69 
BISCISSIOK 77 
mmtmmns 79 
hxmmTwm mTm 81 
ACKNC(Wiaj«lOTS 83 
T / o ^  S 3  
- 1 -
SUMMARY 
fhe main purpose of this investigation was to develop 
a process whereby the most abundant doraestic zirconium ore, 
namely ssircon, could economically be put into solution and 
purified adequately for use in hafnium separation processes 
employing liquid-liquid extraction Secondary aims con­
cerned the preparation of pure zlrconyl chloride, zirconyl 
nitrate, zirconyl sulfate and zirconium oxide from the zir­
con orej the economical use of baddeleyite ore as a source 
of zlrconiuiB was also of interest. 
Caustic soda was found to be a suitable agent for the 
decoraposltion of zircon (zirconium silicate). Using an 
optlajum ratio of 1.1 parts by weight of caustic soda to one 
part of zircon sand, sodiura zlrconate and sodium silicate 
with small amounts of sodium silicozirconate were formed 
after one to two hours in a furnace set at an optimum tem­
perature of about 650®C. The resulting product was a light-
colored, granular material from which the water-soluble 
sodium silicate was easily removed in a water leaching opera­
tion. The water-insoluble zlrconates were put into solution 
with hydrochloric acid, and zirconyl chloride was then 
crystallized from the solution to remove iron, titanium, 
some silica and other soluble impurities. The crystalline 
zirconyl chloride was then separated from the mother liquor 
to give practically dry crystals which were then put into 
a water solution. Uh® silica, that came down with the cry­
stals did not go toack into solution and so was subsequently 
removed by clarification of this solution, fhe resulting 
zirconyl chloride solution could be used directly to make 
feed material for the liquid-liquid extraction systems, or 
processed further to give high purity zirconium (or zirconyl) 
compounds such as the oxide, chloride, nitrate, and sulfate. 
The total cost per pound of zirconium processed by this 
method was estimated to be about 50 cents. This figure com­
pares favorably with the present cost of about 90 cents per 
pound of zirconium content commercially available as zirconium 
tetrachloride. The product of the caustic treatment was also 
of a higher purity than that from the tetrachloride. 
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INTRODUCTION 
The value of zirconium as a construction material for 
some nuclear reactors has been well publicized. However, 
hafnium, which is present in all native zirconium ores does 
not have the desirable nuclear properties possessed by zir­
conium. This necessitates the removal of most of the hafnium 
from zirconium to be used as a material of construction in 
certain parts of proposed reactors. 
The present investigation was undertaken to study the 
development of a competitive process of ore treatment which 
would be generally useful for the preparation of zirconium 
compounds, and in particular zirconyl chloride for use in 
some hafnium removal processes. 
• 4 -
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LITERATURE SUKVEY 
Although jslrconlum Is the eleventh most abundant element, 
constituting nearly 0.02 per cent of the earth's lithosphere 
(1), large, workable deposits of rich zirconium ores are rare. 
Zirconiuis does not oceur free in naturej it is comraonly found 
as the silicate or the oxide. 
Below are listed some of the ores commonly used for the 
production of airconiuai and its compounds together with the 
corresponding zirconium oxide content usually associated 
with each ore concentrate. 
In addition to these minerals where zirconiuun occurs 
as an essential constituent, there are numerous others where 
it appears as a secondary constituent, and it is found as 
an occasional constituent of nearly all minerals. 
The most abundant zirconium mineral, zircon, is recovered 
in the United States, as in most other countries, as a co-
product or by-product in the production of ilmenite, rutlie, 
and monazlte from the sands of present day or ancient elevated 
beaches. Ever-increasing demand in recent years for titanium 
Zircon, ZrS10% 
Auerbuchite, ZrSiOi^ 
Cyrtolite, ZrSiOi}, 
Alvite, ZrSiOi^ 
Baddeleyite, ZrOg 
61-675^  ZrOg 
38-60^g ZrOg 
60-67% ZTO2 
48-51?^ ZrOg 
96.55^ ZrOg 
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minerals has. In conseqaence, greatly expanded the output 
of zircon, 
Zircon is a frequent associate in sands and gravels 
and hence, it is found in various sedimentary rocks, includ­
ing even limestone. On account of its density, it is one of 
the minerals left behind by transporting agencies, so that 
it is a natural concentrate in river sea sands and gravel 
(17>18). The large deposits along the coast of Florida, 
where uost domestic zircon ore of coramercial value is found, 
are a result of this natural segregation. The high degree 
of hardness of zircon enables it to resist wear as it is 
toeing carried by running water, and its great durability 
enables it to resist weathering. 
The principal producer of zircon in 19^8 was the 
Humphreys Gold Corporation, operating at a site near South 
Jaclcsonville, Florida. The plant, which commenced recoveries 
in 19^'^* was reported to have processed 9,000,000 tons of 
sand since that time? current operations are said to be at 
the rate of 7,500 tons of sand per day. Combined weight of 
the daily output of zircon, rutile, and ilmenite concentrates 
was reported as approximately 200 tons (3). 
The Humphreys Gold Corporation is also operating some 
ilmenite-bearing property near Starke, Florida for the E. I. 
du Pont de Nemours & Company. Operations began in 19^9 at a 
rate of 25,000 tons per day of sand, the heavy mineral frac­
tion of which was reported as 4 to 4.5 per cent by weight. 
. 7 -
This conoentrate contained in turn 4-5^ ilraenite and zir­
con. This represents a production rat© of roughly 150 tons 
of zircon per day. 
The world's richest and perhaps largest deposits of 
Eirconiferous sands occur in Australia (3). Until large, 
workable deposits of zircon-bearing sands were worked in 
the United States, the United States was the principal cus­
tomer for the Australian zircon concentrates. 
The only known cowisiercial deposits of baddeleyite, or 
native zirconia, in the world occur in the state of Minas 
Gerias, Brazil. Reserves were estimated at 2,000,000 tons 
in 1936 (3). 
Many methods have been proposed for the opening of zir­
conium ores in order to prepare zirconium compounds. The 
proposed methods devised for the decomposition of the avail­
able ores vary some, depending on the nature of the ore, but 
may roughly be divided into the following groups (7): 
1} Tolatilization of silica. 
2) Acid treatment. 
3) Treatment with sodium sulfate or sodium bisulfate. 
4) Reaction with hydrogen fluoride or other fluorides. 
5) Chlorination including carbide and chloride processes, 
6) Treatment with alkalies. 
Some of the methods listed in the above grouping are 
applicable mainly to the baddeleyite ore which is composed 
- 8 . 
primarily of zireonia. The products from the baddeleyite 
are generally easier to purify than those from zircon due 
to the absence of silicon. 
fhe volatilization of silica method applied to zircon 
reportedly requires very high temperature and yields an 
oxide of only fair purity (10). The acid treatment, whether 
with concentrated or dilute acid, does not materially effect 
zircon (9). Sodium sulfate and sodium bisulfate treatments 
are reportedly effective for baddeleyite but zircon is al­
most wholly unattacked by these compounds (2). Hydrogen 
fluoride does not attack zircon below a temperature of 
roughly 1850®C {13)- Alkaline fluoride fusions are reported 
as being fairly effective for the decomposition of zircon 
but are also expensive (9)• 
The method that is generally used, at present, for the 
decomposition of zircon is the carbide to chloride process. 
This method involves the production of zirconium carbide 
followed by chlorlnation in the following manner (8), Zir­
con sand is mixed with carbon and heated to a temperature 
greater than l800°e In an electric arc furnace. Zirconium 
carbide is formed while some of the silicon is volatilized 
off as the sub-oxide, SiO. The usual commercial operation 
is carried out for a period of about three hours at a tem­
perature close to 2000®C. The mixed carbides of zirconium 
and silicon which result may be chlorinated very readily at 
a low temperature. This reaction starts at about 500°C, 
and is sufficiently exothermic to be self-sustaining and 
in fact aay reach a temperature as high as 1200°C. The 
volatile product of the chlorinatlon operation is a mix­
ture of zirconiuiB tetrachloride and silicon tetrachloride, 
but the latter is mostly removed by condensing the zir-
conlum tetrachloride at a temperature somewhat above the 
condensing temperature of the silicon tetrachloride. The 
recovery of zirconium as tetrachloride in this step is 
approximately 95^} however considerable iron, silicon and 
other impurities are usually present in appreciable amounts 
at this stage in the production. 
The tetrachloride of zirconium is now sublimed under 
a hydrogen atmosphere mainly to eliminate iron. Ferric 
chloride (B. P. 317°C) is reduced to ferrous chloride 
(B. P. 1024^0) which is left behind at the 500°C operating 
temperature. The sublimed product is condensed as before 
at a temperature somewhat above the condensing temperature 
of the silicon tetrachloride so as to effect an additional 
separation from silicon. The zirconium losses in the above 
operation average above 
The analysis of four 200 lb, drums of commercial grade 
zirconium tetrachloride quoted at about 35 cents per pound 
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by the Tttuntwm kllo^ Manafactaring Company are included 
in Table 1, 
The alkaline treatment of zircon appeared to be the 
method most worthy of further Inveatlgatlon. The first 
reported treatment of zircon ore with caustic soda occurred 
in 1789 when M-. H. Klaproth (11) in the course of a chemical 
investigation of zircon, fused specimens of yellowish-green 
Table 1 
Analysis of Commercial Zirconium Tetrachloride 
©rum Ho. Fe ppm Ti ppm Hf ^  
554 650 55 1.95 
555 935 60 2.15 
556 850 200 2.15 
588 1000 55 2.20 
and red zireon from Ceylon with sodium hydroxide and ex­
tracted the cooled mass with hydrochloric acid. The solu­
tion did not indicate the presence of lime, magnesia or 
alumina and thus behaved like no other known substance at 
that time. Accordingly, Klaproth announced the discovery 
of a new element which he called zirkonerde. 
Since that time, considerable mention has been made in 
the literature of the alkaline treatment of zirconium-bearing 
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ore®. BersEellus (11^^13)# who first prepared elemental zir-
ooniuiB in lS24« used both the caustic soda and soda ash 
fusions to open up the zircon ores. 
In fusion with oaustlc soda (7jr9#10,ll,13)* the best 
procedure reportedly was to fuse the caustic soda first. 
When this was completely fused« the ore, finely pulverized 
and in the proportion of one to every six parts of caustic 
soda was slowly sifted in, which laitigated the violent froth­
ing of the reaction, fhe fusion was conducted for one and 
one-half to two hours, a clear liquid fusion being maintained, 
fhe fused mas^, when cooled, was crushed and then leached 
with hot water in the ratio of one gallon of water to every 
pound of roast so as to remove some of the silicon as the 
water-soluble sodium salt. Much more washing caused the 
formation of the finely divided hydroxide which was dif­
ficult to filter and wash. Only a part of the silica was 
removed by this treatment as the double salt, sodium sillco-
zlrconate, which was formed was not water soluble but was 
readily decomposed by acid treatment. 
Mlute acid digestion of the residue after leaching 
with water was not recommended as much of the silica went 
Into solution and caused a great deal of difficulty in sub­
sequent purification steps. If the acid was diluted too 
much, insoluble basic salts of zirconium were formed. Con­
centrated acids were much more helpful for the dehydration 
of silica. 
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Adequate reviews of the literature have been made by-
other investigators. The exhaustive work of Harden and 
Rich (10) very completely covered the entire literature on 
zirconium prior to 1921. Subsequent work by Kroll and 
Schlechten (7) and more recently by Williams and co-workers 
(16) along with a general review by Mellor (11) have covered 
the field completely through 1948. 
Only two reports were found in the literature concerning 
the preparation of zirconium compounds by means of an alkaline 
treatment that carried along ideas similar to those worked 
out and reported in this thesis. In 1921, Rossiter and 
Sanders (12) reported a small scale fusion with equal portions 
of powdered Brazilian ore and caustic soda from which they 
obtained a granular product, Kinzie developed and patented 
in 1925 (5) a treatment for zircon sand using soda ash as 
the decomposition agent. He reported good yields when equal 
weights of powdered zircon and sodium carbonate were made 
to react at 90Q^G over a period of from one to four hours. 
The product from this treatment was then disintegrated in a 
pebble mill and washed prior to a purification step. 
Results on the efficiencies of various fusion agents 
on zirkite, which is a native mixture of baddeleyite, zircon 
and girkelite and usually carries from 80 to 85 per cent of 
zirconia, are included in Table 2. Although the results 
shown are not specifically applicable to zircon ore treatment 
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Table 2 
Efficiencies of Various Fusion 
Agents on Zirkite 
Fusion 
Mixture 
Ratio of Fu­
sion Mixture 
to Ore 
Tirae of Fusion Per Cent 
Decomposition 
NaoCOq 
Gone. H^SOk 
180-9006 
Cone. HpSOh 
boiling 
Cone, HF 
MagSgOY" 
NaOH 
NaCl 
NapCOo 
NaOH ^ 
5 ,1 
1 • 
lOjl 
4a 
10} 1 
10 51 
1 
10! 1 
si 
1 hour 50 
clear liquid 
I hour digest 15 
^ hour digest 80 
to dryness 
Boll to dryness 70 
twice 
1 hr. clear liq. 60(incomplete) 
fus. 
20 BJin. clear 
fusion 
100 
1 hr. clear liq. Incomplete 
fus, 
^ hr. clear liq. 90 
fus. 
1 J1 
mm ^ 2 
NapCOo 4 
Na|Bit0y • lOHgO 1 
NaF 5 i l  
1 hr. clear liq. 100 
fus, 
need high terap. and continued 
fusion 
i hr. 100 
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they clearly indicate the more satisfactory decomposition 
agents that have been used (9). 
In raaoy of the processes for treating zircon, a sub­
sequent purification of the zirconium salt is generally 
desirable. Nurtierous purification procedures have been out­
lined in the literature for the separation of zirconiunj 
from iron, silicon, titanium and aluininuni (2,10,11,12, 
13). Amongst these, the application of zirconyl chloride 
precipitation to the separation or purification is perhaps 
laost well known. The decrease in solubility of zirconyl 
chloride with the addition of hydrochloric acid to aqueous 
solutions of zirconyl chloride and the change in solubility 
of alrconyl chloride with temperature are employed in the 
precipitation process for purified zirconyl chloride. 
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EXPERIMENTAL WORK 
Th© main purpose of this investigation was to develop 
a process whereby the roost available zirconium ores could 
be put into a solution suitable for use in the hafnium 
separation processes employing liquid-liquid extraction. 
The one zirconium mineral which was both available in this 
country to an almost unlimited extent and also relatively 
Inexpensive was zircon which occurs as a sand mainly on the 
beaches of Florida, It was thought that if a process could 
be worked out satisfactorily using zircon, it would probably 
be applicable with few variations to Brazilllan baddeleyite, 
the only other high grade zirconium ore available in com­
mercial quantities. 
kn alkaline treatment of the ore was selected on the 
basis of exploratory experimentation as the most promising 
on which to expend further effort in the development of a 
method of opening the ore, 1'hi® step would be followed by 
other treatments including such purification steps as 
appeared necessary in order to meet the high requirements 
of purity essential to reactor material. 
Material© 
The selection of the ore to be used in the experimental 
phases of this investigation was narrowed down to the zircon 
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san«3 readily available In this country. Many alkaline agents 
couldji however, be used for the decomposition. Caustic soda 
was selected for the first tests because of its lower melting 
point and ready availability. The results of these initial 
tests were so promising that the major part of the investi­
gation was carried out with commercially available caustic 
soda . 
Zircon ore 
Zircon is the most widely distributed and the most 
abundant zirconium mineral. It Is an orthoslllcate having 
the formula ZrSiO||. and containing when pure 67.2^ of zir-
conia and 32.^ of silica. Frequently iron is present in 
small quantities. 
Although zirconium minerals are widely distributed, 
and in fact, laay be found in nearly all other minerals to 
some extent, commercial deposits are few. In the United 
States, deposits of beach sands have been worked, mostly 
in conjunction with recovery of monazlte and llmenite. 
The Florida beach sands are treated first on shaking 
tables in a wet mill (6). The average table concentrates 
contain about 20^ zircon together with 55^ llmenite, 
rutile, 2^ monazlte, 1%^ greenspar, and 3?^ quartz. The 
llmenite along with the greenspar and a little monazlte 
are removed by a dry magnetic treatment on a low-intensity 
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wagnetlc separator, the regaining sionazlte Is separated on 
a iiigh-intensity# eross-beXt Wetherill separator. The 
refflaining ratile is separated fro® the zircon by electro­
static iBeans or by floatation. 
The initial research on the treatment of zircon ore 
with caustic soda was done with ore obtained from the 
Florida Ore frocessing Coispany, Incorporated. This ore 
contained about 67$^ 2r0g and had the following screen 
analysis t 
The cost of this ore was |70 per ton in carload lotSji 
Melborne, Florida. 
After liost of the small»scale initial research had 
been completed with the above ore, a sample of ore was 
obtained from the Trail Hidge Deposits of the Humphreys 
#old Corporation. The results were the same with the two 
ores and since the Humphrey ore cost only $40 per ton, 
it was used exclusively in all development studies. This 
ore has the following standard chemical analysist 
Mesh 
# 40 
• 65 
- 65 
fer Cent 
43 
48 
9 
- 18 -
ZrOg 65^ Mln, 
Total SiOg 3^^ Max. 
Free SiOg Max. 
Fe203 ^ • 15?^ Max. 
AI2O2 1?^ Max. 
TiOg 0.25?^ Max. 
and the following screen analysist 
Mesh Per Cent 
* 60 0.0 
* 80 4.7 
*100 26.5 
+150 54.0 
•200 13.7 
-200 1.2 
1?his ore was used as received, no grinding or further 
processing whatsoever being required before use. 
Caustic soda 
Initial research was carried out with 98?^ CP grade 
sodiura hydroxide pellets obtained in five pound bottles. 
However, after the process had been fairly well advanced 
on a saall scale, the search for cheaper raw materials was 
undertaken. Coraraercial grade 76^ flake caustic (935^ NaOH 
« 19 -
equivalent) was found to serve equally as well as the purer 
material and, in fact, concentrated aqueous caustic soda 
was found to be suitable for this process. However, from 
a handling standpoint, it was thought that the flake caustic 
proved wost satisfactory. 
supplementary materials which were used along with the 
zircon and caustic soda in the process development studies 
were cheroically pure hydrochloric acid and acetone, distilled 
water and tap water. 
Bqulpioent 
Preliminary Investigations of the caustic treatment of 
zircon were carried out in nickel crucibles of 50 milliliter 
capacity. Approximate conditions for carrying out the reac­
tion were deterwined on this small scale. Subsequent experi­
ments which yielded some design data were made in crucibles 
constructed from 12 inch lengths of 2|- inch nominal diameter 
steel pipe. A plug welded securely in one end of the pipe 
section formed the bottom of the crucible. The top or open 
end of the pipe was flanged so as to accommodate a cover 
plate which contained a centrally located thermocouple well 
of f inch steel pipe. Xhls internal thermocouple well 
extended to within if Inches of the bottom of the crucible. 
Since pressure buildup in this crucible was not desirable, 
the cover plate was vented. 
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A gas-fired furnace was used for all experiments made 
in the pipe crucibles described above. The furnace was con­
trolled with a Wheelco Fotentiotrol which operated a high-
low gas solenoid valve in order to maintain the desired 
furnace temperature. A Brown Electronik potentioraetric 
recorder was used to record a tirae-teraperature curve of 
the charge for each run,. 
Decomposition of the Zircon Ore 
Several siaall-scale tests on the treatment of zircon 
with caustic soda indicated that a reaction took place at 
a relatively low temperature. This observation prompted 
an investigation of the possibilities of opening the zir­
con ore by what appeared to be a simple treatment. This 
treatment consisted of mixing the desired amounts of zir­
con and caustic soda in a crucible, heating the crucible 
in the furnace either for some predetermined time or until 
some specified temperature was reached, followed by a cool­
ing treatment of any nature but usually consisting of a 
quench in water. Under any number of conditions, if the 
reaction took place at all, a light-colored, granular-like 
material resultedi it was easily removed from the crucible, 
usually in chunks but was such that it easily crumbled to 
a fine granular powder upon application of the slightest 
pressure. The addition of water completely disintegrated 
- 21 
the material to its finest form. The material was found to 
be strongly caustic in nature and produced a substantial 
amount of heat upon contact with waterj like caustic soda, 
it was hygroscopic and upon standing in the air became wet 
and slimy. 
Once it was ascertained that under some specific con­
ditions a reaction did take place between caustic soda and 
zircon sand, the determination of the optirouni conditions 
was to be undertaken. Such variables as temperature, 
caustic soda/zircon ratio, time required or rate of heat­
ing and others on the ultimate yield of a readily acid 
soluble zirconium compound from the zircon sand were to 
be studied. 
It was first noted that the reaction was one between 
a solid and a liquid since the caustic soda was in the 
molten state well before the temperature range of the reac­
tion was reached. Thus, mixing of the reactants was not 
a necessary prerequisite for this reaction. Furthermore, 
the reaction was noted to be of a turbulent nature and it 
was thought that the stirring effect so produced led to a 
more complete reaction and consequently higher yields 
based on the reacting materials. 
The decomposition product responded to a water leach­
ing treatment which was found to remove the soluble sodium 
silicates produced as by-products in the reaction. The 
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residue from this leaching operation was acid soluble except 
for the small portion of unreacted zircon sand present. 
determination of yield 
In the series of experiiaents contemplatedj, one variable 
would be syateiaatically changed while all others would be 
held effectively constant. In this manner^ the relationship 
between each of the variables studied and the yield could 
be determined. It was consequently of utmost iraportance 
to set up a standard method of procedure for the determina­
tion of the yields in all experimental runs, fhis method 
was generally based upon a sircon ore charge of 100 grams 
in the 2^ inch crucibles. The product froia the caustic 
soda-zircon reaction was given the following standard wash 
and acid treatment. 
(1) 3000 milliliters of distilled water were added to the 
reaction producti the mixture was stirred. 
(2) fhe resulting slurry was allowed to settle for several 
minutes after which the supernatant liquid was decanted 
onto an l8f centimeter Buchner funnels Generally some 
of the lighter particles associated with the reaction 
product were transferred along with this liquid. 
C3) Steps number one and two above were repeated. 
(%) A final 2000 milliliter portion of distilled water was 
added to the product, stirred, and the combined slurry 
- 23 -* 
trmo8f€irFed to the Buohner funnel and allowed to di^y. 
Water aspirator® and two-liter vacuum filter flasks 
were used in conjunction with the Buchner funnels. 
(5) The washed and dried product along with the filter 
paper was then transferred to a one-liter beaker and 
700 wl of six norwal hydrochloric acid were added. 
The resulting miscture was heated to boiling while 
being atirred so aa to effect coraplete solution of 
the acid-^soluble portion of the reaction product. 
The solution was then allowed to cool to some tempera­
ture under 50and without further standing filtered 
through a 9 centiaeter Buchner funnel using an alpha-
cellulose filter-aid to facilitate the filtering opera­
tion. The collected acid-insoluble residue was then 
washed with seireral hundred milliliters of hot water, 
dried and then transferred to a large platinum evapor­
ating dish, the residue was further dried« ignited at 
and then weighed. It was Imown that this residue 
predominantly consisted of unreacted zircon sand. The 
weight of this residue then represented the zircon sand 
not reacted, and thus, the difference between this 
weight and the 100 grams of zircon sand initially 
present represented the per cent yield for the reaction, 
frequent checks of this yield were made by obtaining 
a zirconium analysis of the acid-soluble portion of the 
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reaetlon product. It was noted In the aajority of cases 
that th© yield as determined from the aeld-soluble portion 
was Bllghtly higher than that obtained from the acid-in­
soluble residue. fhis was thought to be due to the presence 
of free silica in the residue which was fonaed by the acid 
dehydration of silicic acid which was known to be present 
the boiling acid solution. 
determination of optligiaai temperature 
References in the literature on alkallne-asircon reac­
tions were found to support exceedingly high caustic soda/ 
Elrcon weight ratio®, sorae as high as ten to one and 
averaging at six to one (10,12), However, rauch lower 
ratios were indicated by the following assuised equation: 
6 mm ^rsio^ ^ NagSr03 Na^SlO^ SHgO 
240 Ids 
tn this equation, the caustic soda/zircon weight ratio is 
240/183 or roughly 1.3/1. Furthemore, investigation of 
the three component phase dlagrara for the system 
irag0t2r02sSi02 Figure I (4) gave no indication of 
other products being formed that would require a higher 
caustic soda/®lrc©n weight ratio than 1,3/1. 
In view of these basic assumptions it appeared desirable 
that a detailed study of the caustic soda-zircon reaction 
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wt. No OH oZrSIO, Wt.ZrSIO, 
,Zr Si O. 
SISeSiiEa N°tSi03lN(^ lgOTy \/^ Ng4SI94 
FIGURE I TERNARY DIAGRAM FOR THE SYSTEM Na-O'ZrO,-SIO, 
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aonditlou® l># wade. Sine# the yield was quite likely depen-
derit upon the teraperature to some degree, it was thought 
advisable to initially study the effect of this variable, 
fhe caustic soda/seircon weight ratio within the effective 
teaperature range could then be studied raore successfully. 
Using an arbitrary caustic soda/ssircon weight ratio of 
1,2/1, several teiiperature runs were made. It was found 
that there was a minima teraperature under which no reac­
tion took place. It was noted that on heating a charge, a 
break in the tiffle-temperature curve occurred between 525 
and 550^6. this break corresponded roughly to the rainirouni 
temperature at which a reaction apparently was initiated. 
It was further noted that if the heating carried the tem­
perature of the charge to some point slightly above the 
temperature of the break that most of the reaction took 
place. It was also noted that as the temperature of the 
furnace was raised to 800®C and above that the yield was 
sometimes erratic and often lower than that which resulted 
at lower temperatures. I^sed on these observations, the 
furnace temperature range to be employed in these studies 
was limited from 600 to 800°CJ. 
In the experimental work, it was found to be most 
important to use 100 gram zircon charges in the 2§ inch 
crucibles. Some of the earlier work was conducted with 
200 and 300 grams of zircon as the basis of the charge. 
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results from these runs were most erratic and in general 
much more temperature dependent than those runs wherein 100 
graras of ssircon were usedi that is, 300 gram aiircon charges 
treated at 800°C produced greatly inferior yields over 
identically treated 100 gram charges. However, the com­
parison of yields of corresponding charges fired at 650°C 
indicated very little diserepency. This effect was studied 
in more detail on a larger scale and the specific results 
from this study are discussed in a later section. 
A numtoer of eacperiments designed to determine the 
yield for various combinations of charge ratio and tempera­
tures were made at furnace settings between 600 and 800®C. 
fhe charges were left in the furnace for a total period of 
thirty minutes. On this small scale of operation, ten to 
fifteen minutes were required for the reaction to take place, 
depending upon the temperature of the furnace. The total 
time in the furnace was kept constant in these experiments; 
the effect of time in the furnace on yield is discussed in 
a later section. A graphical treatment of the effect of 
three significant temperatures and the caustic soda/zircon 
weight ratio on the decomposition of zircon sand is presented 
in Figure II. From this graph, it can be seen that a fur­
nace temperature of 650^C gave the best results of the 
temperatures used and that a caustic soda/isircon weight 
ratio of greater than 1.2/1 gave very good reaction yields 
i575 5:85 5755 Too 05 TZO TSO 1745 TsF 
CAUSTIC SODA/ZIRCON WEIGHT RATIO 
Flan VARIATION OF YIELDWITH CAUSTIC SODA/aRCON WEIGHT RATIO AT THREE DIFFERENT TEMPERATURES 
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bas®d on the amoMot of zircon decomposed. These ratio to 
yield value® cheeked very well with the values expected on 
the ijasis of earlier theoretical considerations. It should 
toe pointed out that these results have been determined on 
a relatively sisall scale and therefore, that the differences 
that are associated with temperature on this scale may be 
insignificant for larger sized batches. In any event, it 
appear® that would be the most satisfactory tempera­
ture for carrying out this reaction. 
Ueteminatlon of the ^timum caustic soda/siircon weight ratio 
Ctoe of the most important considerations in the deter­
mination of an optlmi;^ caustic soda/ssircon weight ratio or 
of the corresponding optimum yield Is that of the economics 
of recycling the unreacted zircon. It can be shown that as 
the yield decreases along with the caustic soda/zircon 
weight ratio, the weight of zircon reacted increases per 
unit weii^t of caustic soda, therefore, it is apparent 
that the most economical usage of caustic soda occurs at 
lower caustic soda/zircon weight ratios than appear optimum. 
If the unreacted zircon can be easily and economically 
recycled, the optimum conditions, based on chemical costs 
alone, will therefore occur at somewhat lower caustic soda/ 
zircon weight ratios that the 1.2 to I value. The calcu­
lation of this economic treatment was based on chemical 
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©ost data for the operation involved, namely, $%0 per ton 
alroon sand and three cents per pound caustic soda. Al­
though other cost® such as lafeor and utilities would be 
affected bj? the recsrele of large qiuantities of 25ircon 
sand, it was not possible to estitasate these costs at this 
ti^e. In order to illustrate the effect of the cost of 
unreacted zircon recovery on the optiaiwi conditions, three 
curves are presented in Figure III. One curve represents 
the cost per pound of asircon charged if the portion of 
unreacted zircon is not recovered or is recovered at a 
cost e<|uivalent to the cost of the raw Material. Another 
represents the cost of the treatment when the unreacted 
zircon is recycled at a cost of one cent per pound, and 
in the third curve, the unreacted zircon is recycled at 
no cost. The latter two cases do not yield an optiraura 
condition in the range taken under consideration based on 
these costs alone. Since in the pilot plant operations to 
date, the unreacted zircon has not been recovered, an 
optiaiu® caustic soda/»ircon ratio of 1.1/1 has been used, 
fhis ratio will in aost cases be considered the raaxiaura, 
regardless of whether the unreacted zircon is or is not 
recovered, and will give a yield of roughly 
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ghe effect of reaotlon tiee on yield 
It was of interest to determine whether the length of 
the heating period prior to the reaction or of the period 
at tefflperatttre after the main reaotion had an effect on 
the yield. 
fhe effect of a longer and even erratic heating cycle 
prior to the wain reaction indicated that the yield was 
independent of such variations other than the dependence 
on futrnace temperature at the time the main reaction took 
place, fhi® latter effect is well illustrated in Figure II. 
It way be concluded frcwn this dependence on the furnace 
temperature that the yield is to sosie extent tied up to 
the rate of heating of the reactants at their point of 
reaction. 
fhe effect ©f a longer heating period at a constant 
furnace teaperature after the »ain reaction was found to 
increase the yield somewhat. The results of one series 
of these runs are presented in Figure IV. It was felt 
that this effect was produced by the slow diffusion of 
unreacted caustic soda into unreacted zircon sand. Since 
this effect was found to be aroall and slow to take place, 
utilissation of such a variable was not generally considered 
practical for coiaBseroial application. 
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gtie of a third coroponent 
An attesipt was made to improve the yield of the deeooi'-
positioh reactions per unit weight of caustic soda by the 
addition of a third component. It was felt that this addi­
tion iBii^t materially cheapen the process. 
iTarious portions of calciuii hydroxide, calcium oxide, 
sodium chloride^ sodii» carbonate and sodiupi fluoride were 
mixed with ssircon along with appropriate amounts of sodiu® 
hydroxide and heated to 650°C. Eeduced yields resulted 
fro® these Mixtures in all cases at this temperature. It 
was thought that at least equiiralent yields would result 
by using several of these addition compounds since it had 
been reported that, acting alone, some of them were good 
decomposition agents for sircon sand (5#IS). As an example, 
reports in the literature indicate that fairly good yields 
of an acid soluble sElrconiiai compound oan be achieved by a 
sodit» carbonate-zircon reaction at about 900®C (5). How­
ever, when sodium carbonate is mixed with caustic soda in 
a zircon decomposition reaction, it acts purely as a diluent 
at the optimum temperature for the caustic soda reaction 
determined earlier, fhis is clearly shown in Figure V. 
For this series of runs, the abslcca has been marked off 
in two corresponding quantitle8--the grams of sodlumi car­
bonate added and the actual caustic soda/zircon weight 
ratio in the charge, the actual caustic soda/zircon weight 
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EQUIVALENT CAUSTIC SODA/ZIRCON RATI0=I.2 
• NaOH + NOgCO, 
o NaOH ALONE 
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FIGURE 3r EFFECT OF SODIUM CARBONATE ON CAUSTIC SOOA-ZIRCON REACTION 
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patio applie© to both curves. However, for the curve 
representing the Ril:Ked emustie ash charge, sodium 
carbonate has been addei to th© caustic soda so that the 
total equivalent HaeM/aircon wel^t ratio was equal to 
1.2/1 for the runs, fhe close proximity of the two curves 
Indicates the almost negligible effect of this addition. 
Since the main purpose of the use of an addition agent 
was to insprove the process as it existed, no attempt was 
wade to vary the accepted optiiaum conditions in order to 
suit a particular agent. In roost cases, the agent would 
undoubtedly prove raore successful if the tesiperature of 
the reaction were raised to 800 or 9OO®0, but the special 
equipment and operational difficulties which would accompany 
these hi^er teraperstures were thought to be worth avoiding 
in production and thus, experiiuentation along these lines 
was discontinued. 
The effect of the presence of water on the decoroposi-
tion reaction was also studied. However, this effect was 
found to be nil for as the charge was heated, the water 
was quiclcly driven off leaving anhydrous caustic to react 
with the zircon as before, thus, any convenient concen­
tration of caustic soda could be used for the reaction 
although the cost of shipping additional water and removing 
it by heat prior to the reaction would tend to counteract 
the lower cost of the liquid reagent and its easier handling. 
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spaee reguireBigtit® 
llhe decofflposition reaetion was noted to be one of great 
reaotlvlty, Slnee water was one of the products formed at 
the reaction temperature used^ considerable frothing occurred 
as steam formed and escaped. When using the 2^ inch diameter 
crucibles which were 12 inches in height^ it was observed 
that charges containing over 200 gram® of zircon sand were 
likely to froth out of the crucible. It was thought that 
completeness of the reaction was due in a large degree to 
the resulting stirring effect which accompanied this froth­
ing. 
larl;^ in the heating cycle^, the caustic soda melts 
and the zircon settles rather densely to the bottom of the 
reaction vessel with a layer of the liquid caustic above. 
0sing the same caustic soda/zircon weight ratio, the 
greater the amount of the charge in a particular size 
reaction vessel, the greater the depth of the ssircon layer 
and the greater the depth of the molten caustic soda. As 
the charge is made greater then, the major portion of the 
caustic soda is farther from the bottom portions of the 
Eircon sand with which it is supposed to react. It fol­
lows that a point would be reached where the turbulence 
of the reaction would not be sufficient to thoroughly 
arouse the remote layers of the zircon sand and thus re­
sult in a decreased yield, "Wiis was tested in a six inch 
- 38 -
eruoible, 48 Inches deep. One, two, three and four pound 
charges of zlroon sand were »ade to react with appropriate 
aiBounts of oaustie soda, keeping the oaustie soda/zircon 
weight ratio eonstant on all runs, fhe yields of decomposed 
zireon sand were deternined and the results are presented 
graphically in figure It should he pointed out that 
these results hold specifically for the six inch crucible 
although they way be interpolated and further applied to 
larger scale operations, fhe reduced yield as noted on the 
graph for the one pound ssircon charge is probably due to 
the deposition of a swall portion of the reactants on the 
insldes of the crucible, and is, therefore, purely a 
relative error j that is, the sacie araount of reactant is 
assumed to be deposited upon the walls of the crucible 
for all of the charges. As the magnitude of the entire 
reaction increases, this deposition becomes relatively 
snaller and finally Insignificant. 
fhe optlrouw area per pound of zircon charged as 
detersiined from the iBaxlmuo} yield read fro® the graph was 
found to be froaa ten to twelve square inches for the 1.2/1 
charge ratio, fhe difflensions of the reacting vessel to be 
used in the scale*up operations would be governed to some 
extent by these results. 
- 39 -
CAUSTIC SODA/ZIRCON RATIO = i:20 
TEMPERATURE = 650" C 
RUNS MADE IN 6 IN. I D. CRUCIBLE 
POUNDS OF ZIRCON CHARGED 
FIGURES: EFFECT OF CHARGE ON THE DECOMPOSITION OF 
ZIRCON. 
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Mater Iieaolilng of the Deooraposltion Product 
fhe product of the oaustic ®oda treatwent of zircon 
at a high teraperature was a soft granular material. It 
was composed of sodiuin silicatessodium zirconate, some 
sodium silicozirconate and a little of the unreacted zir­
con and sodium hydroaEide. This product was found to be 
very caustic in nature and consequently hygroscopic. It 
required no grinding prior to further processing since it 
was quite different in texture from the glassy frits that 
are often associated with caustic and other fusion opera­
tions. Upon mixing with water, this material quickly dis­
integrated into fine particles with the liberation of heat. 
The water leaching of this granular product provided 
for the simple removal of water soluble sodium silicates 
and unreacted caustic soda. There are several reasons why 
it was desirable to remove these substances; first, less 
acid was required to form the acid-soluble zirconium salts 
which were of primary concern, so that the leaching opera­
tion reduced the cost of the acid treatments secondly, if 
the soluble silicates were retained, silicic acid and 
eventually silica gel were formed in the acid solution of 
the zirconium salt. This silica gel introduces filtering 
problems and may interfere with later treatments and should 
therefore be avoided as much as possible. 
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fhe leaotiing process was very straightforward and nor-
fflal In all reapeets. Several small washes were found to 
toe Mor© effective than one large, equivalent wash; hot 
water leaahes were found to be as much aa five tiroes as 
effeetiv® as identical, cold water leaches. It should be 
noted that a part of the silieon was in a water insoluble 
state and thus not removable in the leaching operation. 
This insoluble silica was apparently due to the existence 
of a double salt, probably sodiuia silicozirconate, 
Ila2^i2r0^, which was formed during the caustic decomposi­
tion reaction. Like sodiuia airconate, this material was 
not affected by water but was readily acted upon by the 
stronger inorganic acids to produce a airconyl salt, a 
sodium salt and silicic acid. Upon heating, the silicic 
acid was dehydrated so as to produce a colloidal suspen­
sion of silica gel which was difficult to remove by filtra­
tion at this point. ZiroonluBi solutions so produced were 
analysed and found to contain five to ten per cent silicon 
based on the jsirconiura present. 
It had been reported in the literature (7) that sodium 
Eirconate would hydrolyze to form zirconium hydroxide in 
sufficiently dilute mixtures according to the following 
equationi • 
Na2Zr03 ^ ^ 2HaQii • ZrCOH)^ . 
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k siiBilar meehanlsm might be applicable also to the double 
salt, aodiura silicossirconate. It should be noted that if 
this t^pe of hydrolyeis reaction could be promoted, the 
silicon portion of the double zirconate might be rendered 
into a water-soluble form and as such could be easily 
removed, The production of a sufficiently low silicon 
solution of ssirconium at this point would possibly elimi­
nate one purification step later in the process. However, 
the amount of water leaching necessary to initiate this 
reaction was found to be impractical. Apparently, the 
caustic soda concentration had to be lowered considerably 
in order to provide a favorable environment for these 
reactions, and since caustic soda was a by-product of the 
reaction, a more expedient removal was considered. 
Several attempts were made to initiate this hydrolysis 
reaction by the addition of dilute sulfuric or hydrochloric 
acid directly after the leaching operation. Acid was added 
until the PH of the slurry was lowered to between five and 
seven, l^^achlng was then continued until one gallon of 
water per pound of residue had been used, or until the 
supernatant liquor did not give a sulfate test with a 
barium chloride solution. ^Phe presence of sulfate was 
not desirable since the tendency to form basic sulfates 
with ssirconium would interfere with the zlrconyl chloride 
purification employed in a later step. Analytical results 
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indicmted that this method was only partially successful in 
that the silicon content was reduced to only about half of 
the ¥alu© before treatment. 
The above procedure was carried through an additional 
step in an attempt to further reduce the silicon content. 
k Biiniffiuw amount of hydrochloric acid was added to a 
washed portion of the caustic treatment product so as to 
effect a solution of the sodiiira asirconate and associated 
compounds. Heat was used to accomplish this with the 
ralnirauw amount of acid. The action was then reversed by 
the addition of sodium hydroxide in a dilute solution, 
The precipitated zirconium hydroxide was leached with 
water and filtered dry. The dry residue was treated once 
more with hydrochloric acid, heated to promote solution, 
cooled and filtered clear. The resulting zirconyl chloride 
solution, upon analysis, was found to contain more than 
six per cent of silicon, it was concluded that acidi­
fication of the product in the manner indicated followed 
by alkallzatlon did not render the silicon to an easily 
separable form. 
Purification by Crystallization 
Jn order to achieve the desired purity in zirconium 
compounds and in metallic asirconlum, it was necessary that 
a purification step be Included In the production process. 
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The piarificatlon of ziroonlura coiapouiKls was thought to be 
aeaompllahed best by weans of a ziroonyl chloridi© crystal-
limtlon. The high iegree of purity attained with the 
zireonyl ehloride erystallissation was utilized in the 
development of analytical curves for chetsical and speotro-
graphic analysis of zirconit^ raetal and other compounds 
at the Ames laboratory and at other installations of the 
Atomic Energy Commission (14). 
fhe white crystalline solid obtained in the purifi­
cation by deposition from a constant boiling hydrochloric 
acid medium on slow cooling retains only small amounts of 
most of the original metal impurities. After the mother 
liquor is removed and the crystals are acetone washed and 
allowed to air dry at room temperature, analysis showed 
that the purified product corresponded to the formula 
IrOClg-SligO. 
Zirconyl chloride of high purity was prepared from 
the washed and dried caustic decomposition product in the 
following manner. Roughly 100 grams of the washed and 
dried product were transferred to a one liter beaker. To 
this there were added 700 milliliters of approximately 
nine normal hydrochloric acid. The acid-product mixture 
was heated to the boiling point so as to effect solution 
of all of the zirconium compound present and slowly cooled. 
The acidity of the hot solution was thought to be about 
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four noraial in hydrochloric acid. Upon crystallization 
of the xlrconyl chloride, the acidity of the solution in­
creased to roughly six noraaal which was thought to toe the 
optliBiM condition for this crystallization. The cooled 
solution with the cx^stalllne deposit of zlrconyl chloride 
was filtered dry on an 11 centimeter Buchner funnel. The 
crystals were washed with acetone in the ratio of about 
one liter of acetone per pound of zlrconyl chloride. The 
acetone wash was employed to wash that residual mother 
liquor from the crystals which was not removed in the nor­
mal Buchner funnel filtration operation. The acetone 
could be recovered, distilled and reused, the overall 
efficiency of the recovery operation being about 8C^. 
The crystallization step was found to be one of rela­
tive simplicity on the experimental scale, sxact knowledge 
of the contents of the solution from which the crystalliza­
tion took place was not necessary. The bases of the crys­
tallization were the extreme difference in the solubility 
of zlrconyl chloride in hot and cold hydrochloric acid 
solution and in the decrease In solubility of zlrconyl 
chloride with the increase within limits of hydrochloric 
acid concentration in the aqueous solutions of zlrconyl 
chloride. This latter case is well Illustrated in the 
solubility curve shown in Figure VII (11). The low solu­
bility of zlrconyl chloride In hydrochloric acid solutions 
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®l3s and t«n noraal allowed for plenty of latitude 
in the eoneentratlon of the original solution. 
An acidifleation and crystallization procedure can 
best be ejcplained with reference to the cheiaical equation 
for the treataient. 
Pa2lr03 • 6mi * 22HgO S—> zmGl * 2rOClg • 24H2O • 2HC1 
UM..../ ^ 
ItN ICl 4,25N HCl 
2Ha01 * Zr0ei2*8H20 * I6H2O • 2HC1 
6N HCl 
k& indicated above, an excess of twelve norraal hydro­
chloric acid is used to dissolve the sodium zirconate and 
gives a solution that is roughly four normal in hydrochloric 
acid when heated to about 100%, When this solution cools 
slightly, Eirconyl chloride begins to precipitate reraoving 
water from the solution with it and resulting in a higher 
acid concentration» fhis higgler acid concentration fur­
ther deciaases the solubility of zirconyl chloride so that 
eventually the ©old nother liquor reaches a concentration 
of approximately slat normal in hydrochloric acid. However, 
if six normal acid is used initially instead of the twelve 
normal acid indicated, roughly 50 isols of water would be 
indicated in the first part of the equation if the number 
-» mi 
of laols of aoid reiBalns constant. ^Phe hot solution would 
contain th@ two isols of hydrochloric acid as before but 
would now haye 52 laols of water, fhia excess of 28 aols 
of water would have to be removed by boiling in order to 
reproduce the roughly four normal hydrochloric acid solu­
tion desired. 1?he removal of water from this solution 
rapidly increases its acidity toward the constant boiling 
mixture since a practically acid-free vapor would be driven 
off, and the desired hydrochloric acid concentration would 
be easily obtained. After separation of the crystalline 
xirconyl chloride, six normal hydrochloric acid and dis­
solved zirconium in the mother liquors can both be re­
covered for reuse by a distillation of the mother liquors. 
In practice, the actual control of the acid concentra­
tion was not critical, lough cheeks on the total volume 
of solution were used as a guide In controlling the acid 
concentration during the boiling. If the concentration 
of acid turned out to be too low, crystals would not sep­
arate out until the temperature had dropped considerably 
below the average first crystallljsatlon temperature of 70 
to 7I5°C, In which case boiling was extended. If crystals 
separated out at a higher temperature, a small amount of 
water was added and the crystallization was continued. It 
should be pointed out here that the indicated NaCl and the 
silica gel previously mentioned both affect the first 
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of ssireonyl chloride in an unknown manner. 
Therefore# th# method of oontrol employed is quite practical. 
It is strongly contended that aiost seirconyl chloride 
erystallissation® are made frc«B solutions much too strong 
in hydrochloric acid. For esaisple, if a crystallization 
wa® made frora a hot, six normal hydrochloric acid solution 
containing appreciable amounts of zirconiuioji the resulting 
fflother liquor would rise to between nine and twelve normal 
as the crystalline JKirconyl chloride precipitated out. Of 
course, if the solution were extreraely dilute in zirconium, 
it is conceivable that the effect of crystallization on 
the normality of the solution would be practically nil. 
Assuming practical zirconii;Ma concentrations, however, the 
handling of such strong mother liquors would present evap­
oration losses in addition to ventilation problems due to 
the high hydrochloric acid vapor pressure at these concen­
trations . 
To improve the quality of zirconyl chloride produced 
from the caustic treatment process it should toe recrystallized. 
fhe conditions of the recrystallization step closely parallel 
those of th® first crystallization. 
fhe once ci^stallized zirconyl chloride as obtained 
earlier was put into a water solution with a minimwn amount 
of water, l^sually, one gallon of water was used to dissolve 
about 16 pounds of zirconyl chloride. The resulting 
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solution was getnerally filtered so as to remove water in­
soluble impurities that might have been present. This 
elarifieation step was found to be most necessary for the 
reaioval of silica as will be pointed out in a later section. 
To the resulting clear filtrate there was added an amount 
of 12 normal hydrochloric acid equal to the amount of 
water previously added so as to effect solution of the 
asirconyl chloride crystals. If the filtrate was cold 
during the acid addition, zirconyl chloride immediately 
precipitated to give a white, non-^crystalline material 
that was very similar to cottage cheese in appearance. 
This precipitate readily entered into solution upon heat* 
ing. When this hot solution was slowly cooled, beautiful 
white needle-like ci^stals of zirconyl chloride formed 
in an ideal amount of mother* liquor. Prom the representa­
tive equation, the hot solution of zirconyl chloride was 
found to contain normal hydrochloric acidj this was 
thought to represent the ideal condition. 
zrocia-aH^o . leHgO . aHCl 52^ zrocia . 24HgO * 2Hei 
\  (  V - ,  I  /  
6N mi 4.25 N HCl 
Sli^tly more dilute solutions were found to work prac­
tically as well since the evaporation which took place 
during the heating and cooling process always adjusted 
the acid concentration in the proper direction. 
''1 
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Silicon Removal 
The presence of silicon in zirconium compounds that 
were eventually going to be made into metal via the Kroll 
process was not objectionable since silicon was fairly well 
removed in that process by the zirconium tetrachloride 
sublimation. However, for many other purposes, the presence 
of silicon was found to be detrimental if left in the zir­
conium compounds. 
The removal of silicon as the soluble sodium silicate 
was discussed in an earlier sectioni however, all of the 
silicon was not removed in the washing step presumably due 
to the presence of the water-insoluble double salt sodium 
silicozirconate. Several methods of reducing the silicon 
content by hydrolysis of the double salt were mentioned, 
but in general, for a good low silicon product an additional 
purification step was necessary. This additional purifi­
cation is closely associated with the crystallization pro­
cedure already discussed. 
The addition of a strong inorganic acid to an acid 
soluble silicate or silicon-containing material generally 
produces a silicic acid solution. The solubility of this 
acid in aqueous solutions is low so that the tendency is 
to precipitate out as a colloidal silica hydrate, 
Si02* *11^20* The silica so produced was found to be in such 
a fine state that separation from the solution was thought 
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to be impossible. However, during the crystallization 
process, much of this silica was dehydrated to some extent 
due to the accompanying acid and heat effects so as to 
render a material that was generally characteristic of a 
fine grade of silica gel. In the filtration of the cry­
stalline zirconyl chloride, that silicon which remained in 
a soluble state in the mother liquor plus some of that 
which remained in a colloidal state was separated from the 
zirconyl chloride crystals along with the mother liquor. 
Most of that silica which remained with the crystals was 
subsequently removed by putting the zirconyl chloride into 
an aqueous solution with a minimum amount of water and 
filtering this solution through an alpha-cellulose filter 
bed. The crystalline clear solution which resulted contained 
less than 1000 ppm of silicon, based on the amount of zir­
conium present. 
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preparation of pure Zirconium 
Compounds and Solutions 
From the pure, saturated zirconyl chloride solution 
produced as indicated above, various other pure zirconium 
compounds could be obtained. 
A recrystallization step similar to that discussed 
previously led to the very pure crystalline zirconyl 
chloride. Many other coapounds could be prepared directly 
from these crystals. The addition of nitric acid directly 
to these crystals followed by a slow heating to dryness 
gave the very pure solid nitrate. A siailar treatment 
may be conducted with sulfuric acid so as to obtain a 
pure form of the sulfate. In both cases, the presence 
of chloride can be completely eliminated in the final 
dried product. A very pure fluoride was prepared by the 
addition of aqueous hydrofluoric acid to the crystal­
line zirconyl chloride. This exothermic reaction yielded 
the tetrafluoride monohydrate of zirconiiuM which was a 
heavy crystalline precipitate, fhe passage of anhydrous 
hydrogen fluoride over this monohydrate at temperatures 
around 400°e led to pwe anhydrous zirconium tetrafluoride. 
The addition of ammonium hydroxide to a zirconyl 
chloride solution produced a pure zirconyl hydroxide pre­
cipitate, After a water washing of this hydroxide, treat­
ment with either nitric or sulfuric acid led to the 
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forwation of pure ssireonyl nitrate or zlreonyl sulfate 
solution®. If the zireonyl hydroxide is allowed to dry 
at rom teraperature, it is reduced to approxliaately one 
third of its original solid voluwe forraing a very hard« 
vitreous-like material, fhe application of small amounts 
of water to this waterial shatters it along with a crackling 
Table 3 
Analytical lesults of a ZrO© Saiaple prepared 
froai gircon 
V m 
S8nd 
llefflent pp® in 2rOg 
Fe 0-100* 
Tl 20 
Si 100 
kl 0. 
m 10 
Or 0-30' 
Hi 25 
Cu 50 
Oa 50 
m -256 
*lia3ciiBura figure represents lisiit of spectrographic sensitivity, 
noise which produces a hard, granular tsaterial which is acid 
soluble and characteristic of anhydrous zirconius} hydroxide. 
In this fono, such a waterial could be easily and conven­
iently handled and shipped and would be in a fona readily 
converted to other «irconiu® compounds. 
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The high temperature ignition of either the recrystal 
lizetl aireonyl ©hlorlde or of the ziroonyl hydroxide led 
to the fonaation of a very pure zlrconimu oxide. The 
ohewieal and apeetrographio arsalytioal results froia a 
sample of oxide prepared from zircon sand by the method 
outlined heretofore are reported in fable 3 as parts per 
million of the impurities. In addition, the following 
elements were not detectedt lead, beryllium, manganese, 
araenio, gerraanluii, tin, vanadium, zino, antimony, and 
bismuth. 
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wtim wmm progiss ©i?ei,opmini? 
Stttoetantiating widen®© as to the feasibility of the 
process under consideration on a commerciml scale was 
thought to be desirable, fhls was accomplished by a 
demonstration of the various steps involved with pilot 
plant equipment designed for a daily capacity of 50 pounds 
of Eireon ore. In all eases, the equipiaent used in this 
pilot plant operation will not necessarily be applicable 
to further scale-up operations, but in such cases, sugges­
tions for further investigations have been included. 
Becoaposltion of Zircon by Caustic Soda 
In the case of the decomposition reaction, a con­
tinuous process, while advantageous and certainly to be 
considered for any eventual scale-up, was not incorporated 
in the pilot plant phase of the development simply because 
the amount of material that could be continuously processed 
would be way out of line at this time with the needs for 
the efficient development of the rest of the process. 
It was thought desirable to process 50 pounds of zir­
con at one time as this would provide ample material for a 
thorough study of the other operations involved. For this 
reaction, a simple rectangular reaction vessel was thought 
to be satisfactory, Using the charge-space requirements 
determined earlier as a guide, this reactor was constructed 
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with a has© l6" X 32". fhe reactor was made 36" deep, but 
this was governed by the depth of the pit-type furnace 
which was available for use for this development work. A 
depth of 20 to 2k inches would have been adequate. The 
reactor was constructed frora plate steel, an all-welded 
type of construction being employed. 
fhe ideal material of construction for a molten 
caustic reaction was icnown to be "I," Nickel, a low carbon 
nickel produced by the International Nickel Company. How­
ever, nickel was one of the objectionable impurities in 
material to be used for nuclear reactors due to its 
relatively high neutron capture cross-section, and it 
was an impurity which was difficult to remove using the 
processes herein reported, Therefore, even though the 
corrosion rate was reportedly about 100 times that of 
nickel, a plain steel was chosen as the material of con­
struction, The iron subsequently introduced was easily 
removed along with many other impurities in the later 
purification steps. 
In practice, the steel reactor stood up much better 
than had been anticipated. It was estimated that a neg­
ligible amount of impurity was introduced during the 
caustic decomposition reaction. 
Whereas the reaction vessel was originally designed 
to process 50 pounds of zircon sand at one time, it was 
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found to toe more convenient in praetice to alter this so 
as to handle larger batches. This was done because the 
necessity of weighing out large ajnounts of caustic soda 
was found to be a tedious Job. in order to absolve this^ 
it was decided to process# if possible, a batch that 
would require 100 pounds or one drum of this roughly 955^ 
caustic eoda. Initial runs were made with 75 pounds of 
zircon sand which gave a charge ratio of about 1.26/1. 
When 8ub8e<|uent runs were made using the optimuu^a caustic 
soda/zircon ratio of 1.1/1, 100 pounds of the 9^ caustic 
soda and roughly 86 pounds of zircon sand made up the 
charge. Both of these charges produced yields estimated 
to be several per cent higher than that indicated in 
figure II, 
Briefly, the method of procedure was as follows? 
1. Oaustic soda and zircon sand were placed in the 
reactor in the proper ratio. The mixture was 
raked so that the zircon sand was fairly well 
distributed, and a sheet metal cover was placed 
over the reactor. 
2. The reactor was lowered into the pit-type, gas-
fired furnace set at about 650®C-
3. After sufficient time had been allowed for the 
reaction to take place, usually two hours for 
the larger batches, the reactor was removed from 
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th@ fmrnitoe and allowed to cool, usually with 
the aid of a water-spray on the sides of the 
reactor, 
4^. The deeoiapositlon product was then ready for 
the washing step. 
It is believed that this process ®ay be well adapted 
to coTJtinuoua operation. Some plans for developing a 
rotary kiln of special construction capable of handling 
the reactants of this process are underway. The reactants 
would be fed by calibrated solid feeders into the kiln. 
The product would be transferred directly, while hot, to 
a water wash, eventually leading to the continuous pro­
duction of a washed and dried product. 
Mashing and ©rying of the Decomposition Product 
On a laboratory scale, the leaching operation was 
carried out in three or four liter beakers. Hot water 
was added to the reaction product, the mixture was stirred 
and then allowed to settle after which the clear super­
natant liquor was decanted off onto a Buchner funnel. 
This procedure has been thoroughly discussed in an earlier 
section concerning the determination of yield. 
The retention of solids on the Buchner funnel was 
excellent and the rate of filtration was very good. It 
was originally assmed that any nuraber of filtration 
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proee<3ur#8 ©ould be satisfactorily applied to this material 
on a pilot plant seale. However, the retention of the fines 
on several grades of filter eloth tested was very poor 
and eonsequently the material yields were poor on both 
basket-type oentrifagals and eontlnuous rotary vaouuia fil­
ters. fhe pra<iti®al use of filter-aids was demonstrated 
for this filtration but the added expense was to be 
avoided if possible. 
There was note made earlier that in the small scale 
leaching operation, the solids were allowed to settle out 
and the supernatant liquor was decanted off through a 
funnel. It was reasoned that if the solids were such as 
to settle out, use of a solid bowl centrifugal could 
probably be made to effect the required separation. Since 
a relatively dry product was desired, a horizontal, solid 
bowl, continuous centrifugal was tried and was found to 
work ver^ satisfactorily in addition to providing the 
means for a continuous separation of the solids from the 
liquid, fhe large volumes capable of being handled in 
these machines makes them readily adaptable to the process 
in that multiple washes could be handled quickly and by 
proper operation, excellent yields could be attained. 
In order to operate on a continuous scale, it would 
be desirable to have a centrifugal for each washing step 
so that the solids from one step would be transferred to 
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the nixing tanic for the next wash^ and subsequent separa­
tion froro the wash liquor would b© obtained on the second 
centrifugal. 
k flow diagram covering the decomposition reaction 
step along with the leaching and drying steps is included 
in Figure Till. This diagram conveniently outlines the 
process through the preparation of dry soditmi zirconate. 
Acidification and Crystallization 
The acidification and crystallization steps were con­
sidered as essentially batch processes. The chemicals 
used in these processes were very corrosive so that glass-
lined equipment was found to be the only material suitable 
for the crystallization operation. 
For the batch crystallizations a minimum period of 
four hours was required to satisfactorily cool a batch 
so as to obtain crystals suitable for efficient filtration 
and washing, The method of stirring the batch while it 
was cooling was found to be the most important considera­
tion in regard to crystal formation and batch handling 
properties. The prevention of crusting on the surface and 
caking on the bottom were found to be difficult to avoid. 
The presence of chunks of zirconyl chloride in the batch 
made the handling problem almost impossible since the 
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ehunk® would plwg valvss and pip© lines used for the trans­
fer of the zlrconyl ehlorlde to the filtration equipment. 
On the pilot plant seale employed in the laboratory, 
a regular 12«gallon, steam-jacketed evaporating dish was 
used for the aeldiflcation and erystalllzation operation. 
Agitation was provided by a glass-coated, anchor-type 
agitator in addition to an adjustable baffle which was set 
at the surface of the cooling liquor so as to break up the 
surface crust as it forced, k hand paddle was used as 
needed and was found to be especially useful for breaking 
up the cake which formed at the bottoai. This caking at 
the bottom was raost prevalent when cooling water was cir­
culated in the jacket so as to accelerate the cooling 
process• 
fhe 12-gallon evaporating dish had a laaxiiauBi capacity 
of only 60 pounds of crystalline ajirconyl chloride so that 
three or four batches were required to be processed in 
order to equal the aiaount of product produced in one 
caustic decoraposition run. h larger sized glass-lined 
steam-jacketed reactor has been ordered which will ade-
quately handle a batch of caustic decomposition product 
at one tiaie. 
It was of importance to provide a satisfactory out­
let in the crystalliiEation vessel so that the crystal-
llased Eirconyl chloride could be easily discharged. In 
«. 6 4 -
order to prevent plugging, it vmB thought that this out­
let would be beat in the form of a suffiolently large 
plug valve which, upon opening, would b© screwed up into 
the tsnic so as to provide an annular space through which 
the slurry would be discharged. In addition, it was 
thought advisable to include a slurry puiap of sufficient 
capacity in the discharge line, regardless of whether or 
not gravity removal of the slurry from the crystalliza­
tion vessel was contemplated* The Oliver Biaphragni 
Slurry Fuiap was thought to be satisfactory for this pur­
pose and could be obtained in the required corrosion-
resistant laaterial. 
Soiae preliwinary work has been completed on the 
design of a continuous crystallizsation process. As was 
mentioned earlier, a miniaiura tiroe of four hours was 
required to cool the smll crystallissation batches down 
to rooM temperature and effect a good crystallization. 
It was felt that considerably aore time would possibly 
be required as the size of the batch increased. Bxpeditious 
cooling accomplished by the circulation of cooling water 
in the steam jacket produced two undesirable consequences— 
namely, very small ci^stals and a caking of the zirconyl 
chloride to the sides and bottom of the vessel. However, 
it was determined experimentally that if a hot zirconyl 
chloride solution was poured into a shallow, water-cooled 
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pan and expeditiously cryatallized without agitation, a 
fery good orystal was produced, suoh a raethod of crystal­
lization was thought to he most proaising in that it would 
Hior® readily lend itself to a continuous process. 
Whereas# on the laboratory scale> Buchner funnels 
were employed in the separation of the crystalline zirconyl 
Chloride froai the mother liquor and also for the subsequent 
acetone washing step^ a 24 inch basket-type centrifugal was 
used in the pilot plant scale of operation and proved to be 
fflost satisfactory. Complete 50 pound batches of crystal­
line zlrconyl chloride were handled at one tlrae and it was 
estlBiated that considerably larger batches could be so 
handled on this size centrifugal. Uhe raother liquor was 
very coaipletely removed, so much so, that a study was wade 
to consider the possible eliwination of the acetone wash 
eraployed on the eacperiroental scale. This wash was used 
to resaove residuiil laother liquor and to produce a drier 
product on the experimental scale of operation. It was 
concluded that, except for special cases where it was 
desirable to obtain a drier and slightly purer product, 
it was economical to bypass the acetone wash. Analytical 
results of the product produced without an acetone wash 
strongly supported its eliraination. 
The centrifugal used for the zlrconyl chloride 
filtration was of standard construction except that it 
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was ©oated with an acetone and add resistant plastic paint 
called "jy.thcot©". this material has stood up very well 
under the conditions to which it has been exposed. Saran 
was used for all pipes and valves In the process lines 
and has been very satisfactory for the acid service but 
in some cases did not hold up for pure acetone. Acetone 
once used or recovered was handled very well in the saran 
material, it was thought that this latter effect was due 
to the presence of acid in the acetone which altered its 
solvent properties. Keoprene rubber was used satisfactorily 
for all gaslcets subject to the corrosive solutions used in 
the process at roofB temperature. Oaskets exposed to high 
temperature were made of teflon and teflon protected 
asbestos rubber.. 
Silicon HeiBoval 
©n the pilot plant scale of operation, the silicon was 
removed as before, naraely by a clarification of the saturated 
gsirconyl chloride solution. However, as the size of the 
operation increased, so did the ease of operation along 
with the purity of the resulting product, fhis was thought 
to be due in part to the more satisfactory removal of 
mother liquor from the crystalline zirconyl chloride. It 
was assumed that the high centrifugal force used for the 
separation of the mother liqtuors from the crystals led to 
lir 
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the rewoval of Miioh of the ©olloiaal silica gel along with 
these mother liquors, fhat eiliea gel which remained with 
the CFfStaliine asirconi'l ohloride was, in any eventj, more 
easily and ©osipletely removed in the subsequent clarifica­
tion step than had heen experienced on the laboratory 
scale. 
On the pilot plant scale, several hundred pounds of 
Eireonyl chloride were put into a water solution to which 
were added several pounds of an alpha cellulose filter 
aid. fhis sluri^ was recycled through a hard rubber plate 
and fraise filter press using glass filter clothes until a 
clear filtrate was obtained after which, the filtrate was 
collected, ftiis filtrate was either used directly as a 
feed solution for the hafnium separation processes employ­
ing liquid-liquid extraction or processed further so as to 
forra any of a nisrober of pure zirconium compounds. 
A zirconyl chloride purification process flow diagram 
is shown in figure IX. Facilities for the optional use 
of acetone are provided as well as those for the removal 
of the silicon by filtration. 
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COST mkmsiB 
In ®any eases, it was apparent that the basic utili­
zation of anhydrous zireoniuipa tetrachloride was not ade­
quately taken advantage of in that the tetrachloride was 
put into a water solution prior to use* This was espe­
cially true in the ease of the hafniuw separation pro­
cesses employing liquid-liquid extraction. It was there­
fore thought that a process such as was developed herein 
for the treatment of zircon sand would be isuch raore 
applicable as well as econonically advantageous over the 
tetrachloride process in supplying sirconium for many 
purposes. The present ©arket price is about 90 cents per 
pound of zirconiua coBaaerciaHy available as zirconiuii? 
L/-"' 
tetrachloride. The high price of this basic zirconium 
corapound would be an econoisic factor for consideration 
in any eventual large scale utilissation of zireoniura. 
Based purely on the work reported herein, it was 
possible only to make an estimate as to the production 
costs of pure stirconyl chloride and other related zir­
conium compounds. This cost analysis was based primarily 
upon the various chemical costs, the efficiencies of the 
operations involved, equipment costs, and rough estimates 
as to utility, labor, overhead and freight costs. At most, 
the figures arrived at act as a guide rather than a 
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erlterlon as to the actual oost and the eventual acceptance 
of the process at this tlBie. 
fhe following cost analysis includes an estimate of 
the capital investment and operating costs for a semi-
works plant capable of producing about ^000 pounds of pure 
airconyl chloride per day which is equivalent to a con­
tained capacity of about 1000 pounds of elemental zir­
conium. for this magnitude of operation, carload quan­
tities of all basic chemicals would be required. The 
current cost of the basic raw materials would then be as 
followsI 
Zircon sand $40/ton 
Caustic soda $2.75/100# 
Hydrochloric acidj» 22® Baume $0,018/# 
Based upon these costs« the chemical cost can be 
computed per pound of purified zirconium handled, and in 
this particular case, produced as ssirconyl chloride, A 
summary of these chemical costs per pound of zirconium 
handled is presented in fable 
fhe chemical costs for the production of zirconyl 
sulfate, zirconyl nitrate or for the oxide would vary only 
little from the costs computed above for the production of 
zirconyl chloride. Based upon the work completed in this 
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laboratory, it was felt that thesa materials could be pro­
duced at efficiencies of about 93 or 9^5!, which makes the 
eh«»ical cost# coaie to roughly 20.0 cents per pound of 
^irconiuii produced as lirconyl chloride. 
fable 4 
Oheraical Costs Fer pound of 
lirconiimt Handled 
Item Quantity 
le^uired 
Cost/pound fotal Cost 
Per Item 
Zircon 2# 2 cents % cents 
MaOK 2,'m 2.T5 cents 6.05 cents 
MQl 1.8 cents 8.64 cents 
fotal Chemical Cost 18.69 cents 
At the present stage of developraent* the estimation 
of equipient costs »ay not be too reliable. At a pro­
cessing capacity of one ton per day of zircon sand^ a 260 
day year, ten year average depreciation on all chemical 
ectuipment and fifty year depreciation on the factory 
building, the following estimates are mades 
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• Egtlniated Coat 
Catistie soda«Eireon rmmtton eqaipraent .... $10,000. 
Washing and filtration e<itiip®©nt . 20,000. 
Orystalllatation syatera ............ 8,000. 
Filtration and drying eqtii|>aient 15,000. 
Aeid reeovei:^ ®y8t@w 6,000. 
freight on ©quipment ...... 6,000. 
Ingineering and installation labor 14,500. 
Conting®nel©8 . ..... 6,000. 
s u b - t o t a l  . . . . . . . . . .  $ 8 6 , 5 0 0 .  
Overhead on labor ...... 14,500. 
fotal eost of installed prooesa equipaaent . . $100,000. 
I»ess salvage value ........... 5*000. 
Charge to be depreeiated over ten years . $95*000. 
Strai^t-line depreoiation per year ..... 9*500. 
g«ti»at©d building oost ........... 50,000. 
Straight-line depreeiation per year ..... 1,000. 
fotal depreciation cost per year 10,500. 
Contingent amortization per year ....... 2,500. 
total aaortissation per year $13*000. 
fhus, equipaent and budllding aioortization coioe to 
about $13,000 per year. One ton of zircon sand opened per 
day would yield about 1000 pounds of zirconium per day or 
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260j»G00 poundis of zlrcotsluro equivalent per year. "Kie build­
ing anfl equipment aaiortisatlon charge would then amount 
to about 5 cents per pound of zirconlura handled* 
The eatiaiatlon of utility costs including steani^ 
electricity* water and gas is too Involved at this stage of 
the development to systeTOtieally calculate with any degree 
of success. In view of the fact that no outstanding require-
Bients for these utilities are necessary for this process j> 
a rough figure of two to three cents per pound of zirconium 
processed will serve at this tiiae as an estimate which will 
probably be in excess of actual requirements. 
The cost of freight on the raw materials is# to a 
large extentj dependent upon plant location. A plant 
located in the east or southeast could operate at nearly 
five cents a pound cheaper than one located in the midwest 
based solely upon frei^t cost, fhis is balanced by the 
variance in labor costs, higher wages generally being 
paid in the eastern part of the country. An allowance 
of five cents per pound of ssirconiura processed for freight 
will be taken as a working figure which is probably high. 
the cost of labor is another variable which is 
extremely hard to fix, especially when overhead is figured 
as a contingent part of the labor cost. It was assumed 
that two operators could easily handle the required pro­
duction by means of the equipment provided, A supervisor 
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w©ul<S eoordlnat® th® efforts of the employees and keep the 
tieeesiiary records, fb© total cost of labor and overhead 
would protoatoly not exceed 15 cents per pound of zirconium 
capacity. 
fable 5 
3u»iary of Production Costs 
Iteffl Cost per pound of 
Zirconium Produced 
Chemical costs $0.20 
plant and equipment costs 0.05 
Utility costs 0.03 
frei^t costs 0.05 
Iiabor and overhead costs 0.X5 
fotal cost $0.48 
k summary of the various unit costs is contained in 
Table 5. from this# it is apparent that a savings of 
about #0 cents per pound of zirconium equivalent handled 
may be obtained by employment of the caustic treatment 
process over the usage of zirconium tetrachloride. 
It is strongly felt that the figure arrived at is a 
conservative estimate which could, in all probability be 
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i»e«auo@d in metml full scale operation. The reduction of 
freight costs is almost a certainty if the plant is pro­
perly located with respect to the sources of the priaary 
cheiBieals involved. It appears that Miagara FalXs^ where 
both caustic soda and high purity hydrochloric acid are 
produced in large quantities, wight possibly be a choice 
site for the location of the plant. In addition^ the 
plant capacity has been worked out for an average eight 
hour woricing day, but a three-fold increase in this capacity 
could be effected by continuous operation. 
It is, of course, of roost interest to compare the 
estimated production costs of zirconiun compounds made 
frow the process discussed in this thesis with the cost 
as calculated frow the quoted price of 33 cents per pound 
of ssirconiura tetrachloride. A true coiaparison cannot be 
isade between these two processes since the actual cost 
analysis of the tetrachloride process is not available 
so that the production cost of jsirconium tetrachloride is 
not known, girconyl chloride crystals can be produced 
by the caustic treatment process for about 13i cents per 
pound. The coaiparable cost from tetrachloride considering 
the value of the hydrochloric acid recovered from this 
operation co»es to about 24 cents per pound. This dif­
ference allows for a considerable mark-up in the price of 
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zirconyl chloride as produeedi in the caustic treatment 
process. 
the calculation of the return on the capital invest­
ment necessary for a plant of the type described herein is 
of further interest, fliese calculations are based upon 
the asst^ption that the ssirooniujai to be handled is to be 
processed further for hafniiai} reaoval and that the pro­
posed plant would produce 1000 pounds of hafnium free 
airconiuis as the oxide per day. fhe method of hafnium 
removal is presupposed to be one of the liquid-liquid 
extraction processes. The question of whether to buy 
sirconium tetrachloride at 35 cents per pound or to build 
a semi-worlcs plant and produce the basic zirconium com­
pound® necessary directly fro® the zircon sand depends 
entirely upon the return or the initial capital investment, 
fhe apparent savings would amount to about 40 cents per 
pound of Eirconiuffl handled or about $400 per day if pro­
duction of the Zirconium compounds was undertaken. Thus, 
the investment in a caustic treatment plant would yield a 
savings or a return of about $100,000 per year or roughly 
50^ of the initial capital investment if this investment 
came to about $200,000. 
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DISCISSION 
Mitti llteratiiip® report® favoring, to a slight degree, 
the use of soda ash over eaustio soda for the ssircon decora-
position treatment, some will wonder why so little work 
was directed here along this line. In addition, a chemical 
cost analysis favors the use of soda ash over caustic soda 
by aliBost four cents per pound of sirconiuta handled. 
There were three wain reasons why experimental work 
with soda ash was not undertaken. First, no reports to the 
contrary, the Eircon sand for the soda ash reaction was 
required to toe ground to a fine powder, reportedly about 
325 mesh (3) before use. fhis grinding of the zircon sand 
concentrate costs fro® |30 to per ton, or three to four 
cents per pound of «irconim contained therein. Secondly, 
the temperature required for the soda ash treatment of zir­
con ore was reported at about 900^0 (5). Such a tempera­
ture would require special heat-resistant alloys for the 
reaction vessel and parts of the fto*nace, restricted sources 
of heat for the furnace, decreased life of the equipment 
and, in addition, the probability of a contaminated product 
due to corrosion. Thirdly, the caustic decomposition pro-
duet produced by the soda ash treatment was not of the 
granular, readily washed variety produced by the caustic 
soda treatment. This product therefore required an additional 
disintegration treatment, usually in a pebble mill (5). 
- T8 « 
These reasors® eollectlveXy made the economics of the 
developaent of the soda ash process exceedingly questionable^ 
especially as a »thod to be utilized for the preparation 
of a aiaterial suitable for use in nuclear reactors. 
In view of the findings reported herein, it is aisazing 
that this process had not previously been developed for 
utilization in the preparation of zirconium compounds. The 
eastreme straightfoward simplicity of this process makes 
it particularly suitable for future commercial development. 
Some limited experimental work was conducted with 
sample© of baddeleyite ore obtained from the New York 
Operations Office of the Atomic Energy Commission. It 
was concluded that the optimi^ conditions worked out for 
the zircon sand were not applicable to the baddeleyite ore. 
Although only a few experimental runs were made with this 
ore, it was apparent that a temperature of 800°C and pos­
sibly higher would be required in order to obtain satis­
factory yields. In addition, the baddeleyite ore, being 
of a rock and gravel nature, required some further crushing 
and grinding before the caustic treatment. The degree of 
grinding necessary was not determined. The baddeleyite ore 
as received contained about five per cent iron, most of 
which could be removed by an acid treatment of the crushed 
ore. This ore contained about 80^ Zr02 sind in addition 
indicated a fair amount of radioactivity. 
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OONClilBlONS 
1. Caustic soda was found to b® a most suitable agent for 
the decomposition of zircon sand, 
2. A furnace temperature of about 650®C was found to be 
satisfactory for canning out this reaction. 
3. A caustic soda/zircon weight ratio of about 1.1/1 was 
found to be the optimui^ for the charge if the unreacted 
aircon was not recovered. This ratio gave a zirconium 
3rield of about 9^, 
4. A atirconyl chloride crystallization was demonstrated as 
an excellent method of purification of zirconium com­
pounds . 
3. The demonstration of pilot plant, and in some cases, full 
scale engineering equipment for the various operations 
involved was accomplished. 
6. A pure gsirconyl chloride solution suitable as a feed 
material for the Ames liquid-liquid extraction hafnium 
separation process was estimated to be producible for 
roughly 48 cents per pound of zirconium contained 
therein, 
7» Economic considerations favor the use of the caustic 
treatment of zircon over the zirconium tetrachloride 
process as a source of zirconium for the preparation 
of many ciOTpounds. 
- 80 -
tli# eaustlc soda treatment process has another economic 
advaritage In that neither large amounts of power nor 
high tea^eratures are required which gives greater 
freedow in location of a plant. 
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